The starch-granule-bound starch synthase from Zca mays has been solubilized with a recovery of between 50 and 84%. Chromatography of the solubilized enzyme on DEAE-Sepharose resolves two fractions of activity which may be distinguished by their response to citrate. Neither solubilized isoenzyme displays any significant activity with UDPglucose.
Starch synthase is the major starch biosynthetic enzyme in plant tissues. A substantial portion ofthe starch synthase activity in nonphotosynthetic plants cells is particulate, due to its tight association with starch granules (4) . This starch-granule-bound synthase is the only form of the enzyme known to utilize UDP glucose as well as the more active substrate ADPglucose (12) . In maize kernels, there are two forms ofthe soluble starch synthase, one of which shows an activity in the absence of exogenous primer which is strongly stimulated by 0.5 M citrate (1) . The relationship between the soluble and particulate enzymes and their possible interaction in the synthesis of starch is not understood. To gain information on the properties of the granulebound enzyme, we have solubilized and partially purified the activity from maize kernels. Previous attempts to solubilize granule-bound starch synthase while retaining enzyme activity have been unsuccessful (2, 3, 4, 14) . Some solubilization of activity was obtained using 50% dimethyl sulfoxide (8) . However, the starch synthase was still associated with the dissolved starch granule. The solubilization of UDPglucose-specific starch synthase from sweet potato starch granules has been reported (13) . No ADPglucose-specific activity was solubilized. However, no data were presented for the recovery of enzyme activity and the nature of the product formed by 14C transfer from UDPglucose was not investigated. We Preparation of Starch Granules. Kernels (100 g) were separated into 50-g lots and each aliquot was ground with a pestle and mortar in 50 ml ice-cold Tris-acetate buffer (50 mm, pH 8.0) containing 2.5 mM dithioerythritol and mm EDTA. The homogenate was filtered through four layers ofcheesecloth and the solid residue ground twice more with 25 ml extraction buffer. The material passing through the cheesecloth was combined and centrifuged at 16,000g for 10 min. The yellow layer of storage protein that forms over the pellet of starch granules was scraped off and discarded with the supernatant before resuspending the starch granules in extraction buffer (100 ml). The starch granules were then washed in extraction buffer five times by centrifugation so that all traces ofsoluble starch synthase activity were removed. The granules were then washed three times in acetone (-20°C) and allowed to dry. The dry starch granules were stored at -20°C in which state enzyme activity was stable for several months. Between 15 and 18 g of starch granules were recovered by this procedure and 42 to 65% of the total starch synthase activity resided in these granules.
Solubilization and Partial Purification of Starch Synthase. Starch granules (7 g ) were ground in 500-mg aliquots in a pestle and mortar at 0 to 4°C. Each aliquot was ground no longer than 3 min. The ground material was combined and suspended in 120 ml of ice-cold Tris-acetate buffer (100 mM, pH 7.5) containing 100 mm KCI, 2.5 mm dithioerythritol, 10% (v/v) glycerol, and 0.1% BSA. The suspension was stirred at 4°C for 40 min before being centrifuged for 1 h at 100,000g and 4°C in a type 50.2 rotor in a Beckman L5-50 ultracentrifuge. The supernatant was removed and will be referred to as the untreated supernatant. The pellet was resuspended in 120 ml of the suspension buffer and incubated with a-amylase (10 units/ml starch suspension) and amyloglucosidase (5.6 units/ml starch suspension) for 90 min at room temperature with gentle stirring. The digested starch suspension was then centrifuged at 100,000g as described above. The supernatant was removed and will be referred to as the treated supernatant; the pellet was retained for assay of enzyme activity.
The untreated and treated supernatant were applied separately to DEAE-Sepharose CL-6B columns (1.5 x 23 cm) equilibrated with 50 mm Tris-acetate (pH 8.0), 2.5 mm dithioerythritol, 10 mm EDTA, 10% (v/v) glycerol. The columns were washed with 150 ml of the above Tris-acetate/glycerol buffer and then eluted with a linear gradient (300 ml) of 0 to 0.6 M KCI in the Trisacetate/glycerol buffer. Fractions (8 ml) were collected at 0.9 ml/ min and those containing starch synthase activity were pooled and concentrated with an Amicon ultrafiltrator (model 52, PM-10 membrane) at 0.75 kg cm-2.
Assay of Starch Synthase. Assay A (Primed Activity). The transfer of glucose into primer from ADPglucose was measured in reaction mixtures containing 200 nmol ADP('4C]glucose (500 cpm/nmol), 20,umol Bicine (pH 8.5), 5 Mmol potassium acetate, 2 ,mol GSH, 1 ,umol EDTA, 1 mg amylopectin and enzyme in a total volume of 0.2 ml. Reactions were incubated at 37°C for 15 min, and the incorporation of radioactivity into methanolinsoluble polysaccharide was measured as described previously (5) .
Assay B (Primed plus Citrate Activity). The transfer of glucose in the presence of exogenous primer and 0.5 M citrate was measured as described in assay A except that potassium acetate was replaced with 100 ,g BSA and 100 ,smol sodium citrate.
Assay C (Unprimed plus Citrate Activity). The transfer of glucose in the absence of exogenous primer was measured as described in assay A except that potassium acetate and amylopectin were replaced with 100 Ag BSA and 100 ,umol sodium citrate. Reactions were stopped by heating at100C for1 min. Carrier amylopectin (1 mg) was added and radioactivity measured as described (5) .
The transfer of glucose into primer from UDPglucose was measured as described above except (b) amyloglucosidase (0.7 units) in 20 mm acetate buffer (pH 4.0). Incubations were for 24 h, and the products were analyzed by paper chromatography as described (10) .
Protein Determination. Protein was assayed by the Lowry method using BSA as a standard or by a modification of the Lowry method using RNA coprecipitation for dilute protein samples (9) .
RESULTS
Preliminary experiments revealed that maize starch granules were very resistant to amylolysis unless first mechanically disrupted. The most consistently effective method of grinding was by hand using a pestle and mortar. This grinding increased starch synthase activity roughly 3-fold and released a small percentage ofthe total activity into a IO00,00gsupernatant (Table I) . Further solubilization was achieved by digestion of the remaining particulate material with a-amylase and amyloglucosidase (Table I) . The solubilized activity measured with exogenous amylopectin as a primer was stimulated 2-to 3-fold by 0.5 M citrate and, in the presence of citrate, the total activity recovered was close to 100% of that measured in the ground granules. Between 70 and 84% of the activity was solubilized by this procedure.
Starch synthase activity released by grinding alone and that released by subsequent amylolysis were chromatographed separately on DEAE-Sepharose (Table II) . Figure 1 shows the elution profile obtained for the amylase-treated enzyme. A virtually identical profile was obtained for the activity released by grinding alone (profile not shown). Two peaks of activity are seen. The first (fraction one) was strongly stimulated by 0.5 M citrate in the presence of exogenous primer (assay B) and also showed a strong unprimed reaction in the presence of citrate (assay C) ( Fig. 1 ; TableII). The second peak (fraction two) contained activity that was only 2-fold stimulated by 0.5 M citrate in the presence of exogenous primer and only showed a small unprimed activity with citrate.
The major part of the a-amylase activity applied to the DEAESepharose column was recovered in the column washings. The amyloglucosidase activity, however, bound to the column and was eluted in a peak between the two fractions of starch synthase. Fraction one and fraction two starch synthase activity was not increased by preincubation with the aforementioned hydrolytic enzyme inhibitors or by use of the Dowex resin assay suggesting that the amyloglucosidase contamination was small.
The products formed by incubation of fraction one and fraction two with ADP['4C]glucose were shown to be starch by digestion with hydrolytic enzymes. Digestion with a-amylase released more than 80% of the incorporated'4C as glucose, maltose, and maltotriose. Digestion with amyloglucosidase released more than 85% of the incorporated '4C as glucose.
The granule-bound starch synthase showed considerable activity with high concentrations (20 mM) of UDPglucose (Table III) . The activity with UDPglucose decreased on grinding of the granules in contrast to the increase observed for ADPglucose. This UDPglucose-specific activity was further decreased by solubilization of the enzyme and the maximum activity with UDPglucose was less than 10% of the ADPglucose-specific activity for the solubilized isoenzymes.
DISCUSSION
The increase in ADPglucose starch synthase activity brought about by grinding of starch granules is consistent with the observations of Frydman and Cardini (4) and was due both to a decrease in theKm for ADPglucose and an increase in theVmax of the reaction (results not shown).
The stability of the starch synthase during the solubilization procedure is confirmed by the recovery of close to 100% of the initial activity (ground granules) in the final supematants and pellet. The recovery of between 70 and 84% of the activity in a 100,000g supernatant indicates that the bulk of the granulebound enzyme was successfully solubilized. The activity released by grinding alone and that released by subsequent amylolysis are seen to be similar both in the relative amounts of fraction one and fraction two activity and in the behavior of these fractions in the presence of 0.5 M citrate. These similarities suggest that the amylase treatment does not significantly alter the properties of the solubilized starch synthase.
The differing responses of fraction one and fraction two activities to 0.5 M citrate and their different elution behavior from DEAE-Sepharose indicate that these fractions may represent two different isoenzymes. Fraction one activity displays some similarity to the starch synthase one obtained from the soluble phase of maize kernel homogenates. Both of these enzymes show extensive, citrate-stimulated, unprimed activity (10) . The enhancement of citrate-stimulated activity by the addition of exogenous primer, however (Table II) , contrasts with the roughly ' The large increase in total protein during solubilization is due to the addition of 120 mg BSA. was less than 10% of that with ADPglucose. The negligible glucosyl transfer from UDPglucose at 1 mm by the solubilized isoenzymes is also a characteristic of the soluble isoenzymes (7) and suggests that the ability of the granule-bound starch synthase to utilize UDPglucose is related to its close association with the starch granule. Our data, however, do not rule out the possibility that glucosyl transfer from UDPglucose is catalyzed by a third isoenzyme of starch synthase, whose activity is lost during grinding and solubilization. The presence of two ADPglucose-specific isoenzymes in normal maize starch granules has also been suggested by Nelson et al. (6) , who inferred the existence of two enzymes from comparisons ofactivity and Km values for starch-granule-bound synthase in normal and mutant maize.
The successful solubilization of the starch-granule-bound starch synthase will enable us to investigate more closely the differences between the two isoenzymes released from the granule and the differences between these two isoenzymes and those found in the soluble phase of kernel homogenates. Further work will be required to clarify the relationship between these isoenzymes and their possible interaction in the synthesis of starch and the starch granule.
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